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CHAPTER I 
INTRODUCTION
Background
The Interest In the 'biosynthetic pathway leading to thymidylic 
acid over the last two decades stems from the fact that its tri­
phosphate derivative is one of the essential "building "blocks of 
deoxyribonucleic acid (DNA). Several studies (see review by O'Brien 
(l)) have shown that the availability of the $ ' -deoxyribonucleoside 
monophosphate is of considerable importance in regulating DNA 
synthesis and thus^ cell proliferation. Friedkin ̂  (2) noted
an increase in UfA synthesis when thymidine-^^C is added to minced 
chick embryos. Wells (3) found that when thymine-2-^^C is added to 
suspensions of leukemic leucocytes^ of the labeled material is
recovered in DNA, while none is found in the acid-soluble nucleotide 
pool. In contrast, the addition of other labeled purine and pyrimidine 
precursors did result in the labeling of acid-soluble nucleotides. 
Greulich et al. (k) noted that the administration of thymidine 
(unlabeled or tritiated) at a dose level of 8.5-10.0 ug into the 
adult mouse leads to an almost immediate and prolonged stimulation of 
mitotic activity in the duodenal cells. The increase in mitosis is 
evidenced by a greater number of cells in metaphase as compared 
with the controls. The authors attributed their findings to an 
increase in the rate of W A  synthesis resulting from the administration 
of thymidine. It has been shown "by Bianchi (5) that in the super-
1
Datant fractions of human leucocytes, thymidine monophosphate is 
rapidly converted to the triphosphate and the incorporation of the 
latter into the DNA of leukemic leucocytes is higher than in normal 
cells. These studies led to the suggestion that the production of 
thymidine monophosphate might be the rate limiting step in the sequence 
of reactions leading to DNA and, hence, an attractive target site for 
chemotherapy.
Work in other laboratories had revealed that the pyrimidine 
moeity of thymidylic acid is derived from uracil. When uracil- 
requiring strains of Escherichia coli are grown in the presence of 
uracil-^^C, thymine in EWA is formed exclusively from the exogenous 
supply of labeled uracil (6,7)# Also, resting cells of Bacillus 
subtil is accumulate thymine in the medium when supplied with uracil 
(8) • In vivo experiments in rats indicated that deoxyuridine is 
Incorporated into DNA thymine much more effectively than uracil, 
uridine or uridylic acid (9)•
Further work on the precursors of thymidylic acid established 
that the methyl group on the 5 position of the pyrimidine ring is 
derived from a variety of one carbon donors. Exponentially growing 
cultures of E. coli convert the hydroxymethyl group of serine to the 
methyl group of thymine (lO). Formate and formaldehyde also are good 
precursors of the methyl group in Ochroroonas malhamensis (ll), rats 
(12,13) f and rabbit bone marrow (14,1$). Methionine, on the other 
hand, is not a donor of the methyl group (7,11).
Some years earlier Stokes (16) reported that if thymine or 
thymidine was added to the folic acid deficient growth media of
Streptococcus faecalls, growth once again pursued, although an 
exogenous supply of purine was needed for maximum growth. Similarly, 
Rogers cmd Shive (17) noted that the inhibition of growth caused by 
a folate antagonist in Lactobacillus easel could be overcome by the 
addition of thymine and purines to the growth media. These studies 
have been extended by measurements of the amount of nucleic acids 
and purine and pyrimidine bases in folate deficient cells. Such cells 
were capable of both protein synthesis and BNA synthesis but DNA 
synthesis was curtailed as shown by an increased ratio of RNA/dnA 
and of uracil to thymine compared to appropriate controls (see O'Brien 
for a good review (l)). The above experiments led to the speculation 
that a folic acid coenzyme participated in the reactions leading to 
addition of the methyl group to the pyrimidine ring of deoxyuridylic 
acid.
The role of folate coenzymes in the cellular metabolism of one 
ccurbon units at the oxidation level of formate, formaldehyde, and 
methanol has been extensively reviewed (1,10). Chemical or enzymatic 
reduction of the pteridine portion of the folic acid molecule converts 
it to the coenzyme $,6,7;8-tetrahydrofolic acid (structure shown below).
COgH
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This compound facilitates transfer of the one-ceurbon unit between 
donor and acceptor molecule by formation of an intermediate carrier 
complex. The sites of attachment of the one-carbon unit to the 
coenzyme are at the N-5 and N-K) positions and, in some instances, the 
mobile group is bridged across both nitrogens forming a five-membered 
ring. Once bound to the coenzyme, the one-carbon unit can be trans­
formed from one oxidation level to another.
Biosynthesis of Thymidylic Acid
The elucidation of the enzymatic steps leading to thymidylic 
acid was the culmination of work from several laboratories (2,19-29)* 
Vahba and Friedkin (23) first established the stoichiometry of the 
reaction catalyzed by thymidylate synthetase (methylenetetrahydro- 
folate:dUrd-5*“P C-methyltransf erase, EC 2.1.1.b) and the structural 
features of this reaction are shown in Figure 1. Deoxyuridylic acid 
(dUMP) is converted to thymidylic acid (dTMP) by the transfer and 
reduction of the methylene group from $, 10 -methylene - te trahydr of olate 
(MeFH|̂ ) to position five of the pyrimidine ring of dUMP. Reduction 
of the methylene to a methyl group is achieved at the expense of 
tetrahydrofolate being oxidized to dihydrofolate. During the course 
of the reaction the hydrogen at position 5 of dUMP is released into 
the solvent and is the basis of a very sensitive isotope assay (30) 
of enzyme activity. Deoxyuridylate is the preferred substrate (23) 
although uridine monophosphate (31,32) can be methylated but at a 
slower rate and only if present in very high concentrations.
The enzyme catalyzed reaction is unusual in that tetrahydro-
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Figure 1. Reaction catalyzed hy thymidylate synthetase
folate acts as an intermediate carrier of the one-carton unit and also 
furnishes the reducing equivalents necessary to convert the methylene 
to a methyl group. As shown in the laboratories of Friedkin (33) and 
Blakley (3%), when tetrahydrofolate labeled in positions 5̂  6, 7> and 
8 with tritium is used in the reaction, tritium is transferred without 
dilution from MeFH^ to the methyl group of thymidylate. The use of 
methylenetetrahydrofolate specifically labeled with tritium indicated 
that it is the tritium at position 6 which is transferred (3l)•
The continuous synthesis of dTMP requires either an exogenous 
supply of tetrahydrofolate or the product dihydrofolate must be 
reconverted to tetrahydrofolate. It is known (35) that the dihydro­
folate formed during the thymidylate synthetase reaction is identical 
to the substrate for dihydrofolate reductase. Thus, conversion of 
dihydrofolate to tetrahydrofolate, catalyzed by the reductase in the 
presence of NADPH, and transfer of a one-carbon unit from a metabolite 
such as serine to tetreüaydrofolate regenerates the MeFĤ .̂ These 
interrelated reactions, summarized in Figure 2, have been termed the 
"thymidylate synthesis cycle" (36) and provide a continuous supply 
of MeFl^. Since the synthetase and the reductase are metabolically 
related, a physical relationship has been sought between the two 
enzymes, but to date none has been reported.
Two alternate routes are available to the cell for thymidylate 
synthesis. They are the deamination of methyldeoxycytidylate by 
deoxycytidylic acid aminohydrolase which takes place in the liver (37) 
and the phosphorylation of thymidine via thymidine kinase which is 
important as a salvage pathway (5,38)'
Deoxyuridylate
product
One carbon 
donor
Thymidylate
Methylenetetrahydrofolate
Dihydrofolate
KADPH
d ihydr of olate 
reductase
Tetrahydrofolate
NADP + H
Figure 2. Thymidylate synthesis cycle
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Distribution and Inhibition of Thymidylate Synthetase
Blakley (l8) has reviewed the literature pertaining to the 
distribution and content of thymidylate synthetase in various tissues 
and organisms. Generally, the level of the enzyme in normal tissue 
Is so low as to be barely detectable. However, in rapidly dividing 
cells greatly elevated activities are found. Thymus tissue is 
relatively rich in synthetase activity and is higher in thymus from 
hog than that from rat, steer, and sheep (27) > but the level varies 
with the age of the animal (26). Prearson et ai. (39) reported a 
doubling of the synthetase activity found in mouse embryo cells upon 
infection with polyoma virus. The increased levels of synthetase 
demonstrated in regenerating rat liver (Uo,Ul) and in virus-infected 
E. coli (20) is accompanied with enhanced cell proliferation and 
DNA synthesis. The levels of thymidylate synthetase have been 
Increased 100 to 200 fold in strains of L. casei made resistant to the 
folate antagonists amethopterin (32) and dichloroamethopterin (̂ 2) • 
These studies further support the suggestion that thymidylate for­
mation may be the rate limiting step in DNA synthesis.
Additional interest in the synthetase, as well as dihydrofolate 
reductase, stems from their extreme sensitivity to such important 
chemotherapeutic agents as the fluoropyrimidines and the folic acid 
antagonists. Mathews and Cohen (22) found that the enzyme isolated 
from phage-infected E. coli exhibits competitive inhibition by 5*“ 
fluorodeoxyuridylic acid (PdUMP) with respect to dUMP if the enzyme 
is not preincubated with FdUMP. However, noncompetitive inhibition 
is seen when FdUMP is pre incubated with the enzyme in the absence of
substrate. These results are in accord with the later findings of
Blakley (2U) and Lorenson et (3I) • In contrast to these studies,
inhibition of enzyme from Ehrlich ascites cells (̂ 3) is competitive
whether or not the enzyme is incubated with the inhibitor. The
-8values reported for FdUMP are about 10* M.
The folate anteigonists are potent inhibitors of dihydrofolate 
reductase (see Blakley for a review (18)) and, therefore, they might 
be expected to interrupt the synthesis of thymidylic acid by 
preventing the recycling of FHg to MeFH^ (see Figure 2). Thus, the 
synthesis of thymidylate in extracts of S. faecalis R is greatly 
reduced by aminopterin when MeFH^ is at a limiting concentration and 
NADH is added (25). When MeFE^ was present in relatively high eunounts, 
no inhibition occurred.
At the time this study was begun, the structural features of the 
reaction catalyzed by thymidylate synthetase were well understood, but 
the reaction mechanism was still uncertain. Several studies of this 
enzyme indicated there are species differences in its properties which 
may be important in determining the therapeutic usefulness of certain 
drugs. However, the low amounts of synthetase present in cells 
discouraged detailed examination of the enzyme from mammalian tissue. 
The present investigation had the following objectives: (a) large-
scale purification of the synthetase from thymus tissue, (b) comparison 
of the properties of the thymus enzyme with those of its counterpart 
from other sources, and (c) if possible, definition of the kinetic 
mechanism of the reaction.
A partial purification of the hog thymus thymidylate synthetase
K)
is described and it has a specific activity about 6-fold higher than
+2that reported for the calf thymus enzyme. No activation by Mg was 
observed but mercaptoethanol is required for enzyme activity. In 
addition; some properties of the enzyme are presented and as a result 
of these and other findings, the mechanism is discussed.
CHAPTER II 
MATERIALS AND METHODS
Materials
The following chemicals were obtained commercially: Deoxyuridine
5'-monophosphate, folic acid, (d,l)L-tetrahydrofolic acid, protamine 
sulfate, and 2-mercaptoethanol (Sigma); Deoxyuridine ^'-monophosphate- 
5-^H (0.56 Ci/mmole) (Calatomic); Thymidine $'-monophosphate and 
uridine $'-monophosphate (Nutritional Biochemical Co.); Sephadex G-lOO, 
CM-Sephadex C-$0, and DEAE-Sephadex A-$0 (Pharmacia); ammonium sulfate, 
reagent grade (J. T. Baker Chemical Co.); Celite (Sargent-Welch); 
Norit-A (Pfanstiehl); butyl-FBD (Packard); and Bio-Solv BBS2 (Beckman).
Unlabeled dUMP was added to the dUMP-$- H to yield a stock 
solution (10"^ M) of specific activity 36 pCi/pmole; this solution was 
diluted 10-fold with 10*^ M cold dUMF to yield the working solution.
Tetrahydrof olic acid was stored frozen in an evacuated Thunberg 
tube. A solution of (I.6 x 10 ^ M, e « 32,000 M"^cm*^ (23) was
prepared by the method of Dunlap ̂  al. (32): 6 mg of (d,l)L-tetra­
hydrofolate were dissolved in $ ml of a solution containing 0.0$ M 
NaHCOg, 0.07 M ECHO, and 0.02$ M P -mercaptoethanol. The solution was 
stored frozen at -20^ when not in use and discarded after one week.
Dihydrofolate was prepared from folic acid by reduction with 
hydrosulfite according to the method of Blakley (44). The dried 
powder was stored frozen under vacuum in sealed vials.
Nor it A was washed successively with water, ethemol-ammonla-water
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(60:5:35)> and vater, and finally dried at 120®.
Dialysis tubing (Union Carbide Corp.) vas vashed by heating at 
60-70® for one hour in 0.1 M mercaptoethanol, folloved by repeated 
rinsing vith distilled vater, and stored in distilled vater at 4^.
Methods
Spectrophotometric Assay —  Thymidylate synthetase vas measured 
the spectrophotometric method of Wahba and Friedkin (23) as modified 
by Dunlap et (32) • The folloving components vere added to a 1-cm 
cuvet: 0.1 ml of 1.6 x 1 0 M (d,l)L-5,10-methylenetetrahydrofolate
(see Materials); 0.2 ml of 0.5 M potassium phosphate buffer, pH 7.I; 
enzyme and vater to make the total volume O.9 ml. After an Ô minute 
incubation period at 37°, 0.1 ml of 1.0 x 10  ̂M dUMP vas added to 
Initiate the reaction. The reaction rate vas folloved by measuring 
the increase in absorbance at 3 ^  nm( Ae == 6.4 x 10 M cm ) 
associated vith the oxidation of MeFH|̂  to dihydrofolate using a 
Gilford multisample absorbance recorder (set at 0-0.100 full scale) 
thermostat ted at 37°* All values vere corrected for the appropriate 
blanks vithout dUMP. One unit of enzyme activity Is defined as the 
amount required to synthesize 1 )imole of thymidylate per hour under 
the assay conditions. Specific activity is expressed as units per 
mg of protein. Protein vas determined (45) by the biuret or the 
Lowry methods, using bovine serum albumin as the standard.
Isotope Assay —  In certain instances, enzyme activity vas measured 
by an adaptation of the isotope procedure first described by Lomax
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and Greenberg (30) which is based on release of tritium as tritiated 
water, from deoxyuridylate specifically labeled in position five of 
the pyrimidine ring when thymidylate is formed. The following 
components were added to a 10 x 75 test tube: 0.25 ml water;
0.1 ml of 0.5 M potassium phosphate buffer, pH 7-1; 0.05 inl enzyme; 
and 0.05 ml of 1.6 x 10"^ M MeFÏ^ solution (see Materials). The
mixture was incubated for 5 minutes in a 37^ water bath prior to
starting the reaction by the addition of 0.05 ml of 1.0 x 1 0 M 
dUMP-5-^H (3*6 ̂ Ci/pmole, see Materials). The reaction was stopped 
after 10 minutes by the addition of 0.1 ml of 1.0 N HCl and 0.4 ml 
of washed Nor it A (lOO mg per ml of water) in order to absorb the 
unreacted dUMP-5-^H, and the resulting slurry was filtered through 
a ^ cc pellet of celit in a disposable 2.5 cm syringe to remove the 
charcoal. An aliquot (0.2 ml) of the filtrate was added to 10 ml 
of scintillation fluid (toluene, 9Û0 ml; absolute ethanol, 364 ml; 
butyl FBD, 5 g; and BioSolv, 100 ml) and counted for tritium at 26-28# 
efficiency in a Unilux III Scintillation Counter (Nuclear Chicago)•
A correction was made for a control in which enzyme was omitted.
Preparation of the Chromatographic Materials —  Sephadex G-lOO 
was allowed to swell for 24 hours in 0.05 M phosphate buffer pH 7*5,
then washed several times with the same buffer. When not in use for
an extended period of time, the gel was stored in 0.02# sodium azide. 
DEAE-Sephadex was allowed to swell for 24 hours in water and washed in 
succession with 0.5 N NaOH, water, 0.5 N HCl, water, and finally 
equilibrated with 0.05 M phosphate buffer, pH 7*5* CM-Sephadex was
Ih
prepared in a similar manner but with a reverse order in the wash 
procedure and then equilibrated with 0.05 M phosphate buffer, pH 6.3.
Purification of Hog Thymus Thymidylate Synthetase —  All steps 
were carried out at 0-5^* Centrifugations were performed in a Sorvall 
refrigerated centrifuge. Model RC-2B, using the GSA rotor at 25>000 x g. 
In the chromatographic steps, fractions were collected automatically 
by a Gilson Escargot fraction collector. The hog thymus tissue was 
obtained from Schramm Packing Co., Missoula, Montana. The tissue was 
placed on ice as soon as possible after the animals had been 
slaughtered. The tissue could be stored frozen for no longer than 
two weeks without noticeable loss of enzyme activity.
Step I. Homogenate —  150 g of fresh or frozen hog thymus glands were 
cut into small pieces and homogenized in three volumes of 0.1 M 
phosphate buffer, pH 7.I containing O .15 M KCl in a Waring blender for 
30 seconds^ then U5 seconds with a 15 second rest in between. The 
homogenate was centrifuged for 35 minutes and the pellet was discarded.
Step 2. Protamine sulfate precipitation —  To the above supernatant 
fluid was added, with mixing, 0.1 volume of 5^ protamine sulfate 
solution. The mixture was stirred for an additional 15 minutes, 
centrifuged, and the pellet was discarded.
Step 3» Ammonium sulfate precipitation -- Solid ammonium sulfate was 
added slowly with stirring to the protamine sulfate supernatant to 
359̂  saturation (209 g/liter). The suspension was stirred for about 
15 minutes, adjusted to pH 7.I with 6 N NaOH, centrifuged for 30
15
minutes^ and the pellet was discarded. The supernatant solution was 
"brought to 60$ saturation with the further addition of ammonium 
sulfate (l64 g/liter), mixed for 25 minutes, adjusted to pH 7.1, and 
centrifuged for 30 minutes. The pellet was dissolved in a minimum 
amount of O.O5 M phosphate buffer, pH 7*5*
Step U. Filtration through Sephadex G-lOO -- The 35"^9^ ammonium 
sulfate fraction was placed on a 3.7 x 110 cm column of Sephadex G-lOO 
equilibrated with O.O5 M phosphate buffer, pH 7*5 (flow rate 25-30 
ml/hr), and 5 ml fractions were collected (Figure 3)* Fractions 
containing thymidylate synthetase were pooled (tubes 95-113)•
Step 5* Chromatography on DEAE-Sephadex —  The pooled enzyme fraction 
from Step U was applied directly to a 2.6 x ^  cm DEAE-Sephadex 
column equilibrated with 0.05 M phosphate buffer pH 7*5 (flow rate 
30-1*0 ml/hr), and 10 ml fractions were collected (Figure U). Once
the sample was on the column, the latter was washed with an additional
200 ml of the same buffer. A gradient of increasing salt concentration 
and decreasing pH was then applied using 50O ml of O.05 M phosphate
buffer, pH 7*5 in the mixing chamber and 5OO ml of 0.05 M phosphate
buffer, pH 6.5 containing 0.35 M KCl in the reservoir. Fractions 
containing thymidylate synthetase were pooled (tubes 5&-75), adjusted 
to pH 6.3 with 6N HCl, and dialyzed for 6 hours against four 2-liter 
changes of O.05 M phosphate buffer pH 6.3*
Step 6. Chromatography on CM-Sephadex —  The dialyzed material was 
applied to a 2.6 x 1*3 cm CM-Sephadex column equilibrated with O.05 M
l6
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Figure 3* Filtration of thymidylate synthetase preparation through 
Sephadex G-100. See Methods section for details. Protein was 
measured by absorbance at 200 nxn (Aggg). Enzyme activity, reported 
as unit s/ml, vas measured by the spectrophotometric assay.
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Figure 4. Chromatography of thymidylate synthetase preparation on 
HBA£-Sephadex. See methods section for details. The arrow indicates 
where the gradient elution was started.
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phosphate buffer, pH 6.3, (flow rate 1*0-4$ ml/hr), and 10 ml fractions 
were collected (Figure 5)• Elution of the sample with the starting 
buffer was carried out until the effluent had an absorbance near zero.
A gradient of increasing pH and ionic strength was then applied using 
500 ml of the equilibrating buffer in the mixing chamber and $00 ml of 
0.0$ M phosphate buffer, pH 7«5 containing 0.$6 M KCl in the reservoir. 
Thymidylate synthetase appeared in fractions 60-74. The pooled 
enzyme was adjusted to pH 7»! and concentrated in an Ami con ultra- 
filtration apparatus equipped with a PM-10 membrane and stored frozen 
at -20°.
Polyacrylamide Gel Electrophoresis —  Disc electrophoresis on 
polyacrylamide gels (6$ w/v acrylamide) was performed as described 
by Hedrick and Smith (46). Two parts enzyme solution was diluted with 
one part O.06 M imldazole-HCl in $0$ glycerol, pH 7«9; and $0 /il of the 
diluted sample was applied to the top of the resolving gel by a 
Qyland automatic pipet. The tubes ($ mm x 70 mm) were developed at 
4^ and at 2 ma/tube for 20 minutes, followed by 4 ma/tube for an 
additional 2 hours. Protein was visualized in the gels by staining 
for one hour with Amido Black, followed by electrophoretically 
destaining the gels in 7^ acetic acid. Thymidylate synthetase activity 
in gel segments was detected by the isotope assay (see Methods) except 
that incubation was for 2$ minutes. After being removed from the tube, 
the gel was cut in half lengthwise. One half of the gel was stained 
for protein and the other half was cut crosswise into sections. The 
gel-sections were added directly to the isotope assay mixture.
19
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Figure 5. Chromatography of thymidylate synthetase preparation on 
CM-Sephadex. See Methods section for details. The arrow indicates 
where the gradient elution was begun.
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Molecular Weight Determination -- The molecular weight of 
thymidylate synthetase was estimated ty filtration through a Sephadex 
G-IjOO column (l*5 cm x 88 cm; flow rate 13 ml/hr) ty the method of 
Whitaker (4?). The column was calibrated by adding separately 5 mg 
of each standard protein (see Figure 7; protein kit obtained from 
8chwarz/Mann) dissolved in 1 ml of 0.1 M phosphate buffer, pH 7»1* 
Fractions of 1.5 ml were collected and the elution volume for a given 
protein was taken from the midpoint of its elution peak. The void 
volume of the column was determined by y -globulin (moleculsur weight
of 160,000).
IVeparation and Identification of an Antibody to Thymidylate 
Synthetase —  Two rabbits were each injected intravenously and intra- 
peritoneally with 0.5 ml of a thymidylate synthetase preparation 
(1.1 units/ml, specific activity 0.58). In addition, each rear leg 
was injected with 0*5 ml of a Freund's adjuvant mixture prepared by 
suspending 1 ml of the enzyme solution in I.5 ml of Freund's adjuvant. 
The injections in each rear leg were repeated with 0.25 ml per 
injection of the Freund's adjuvant mixture once a week for four 
additional weeks. Five days after the last injection, 30 ml of whole 
blood were collected from each rabbit by a cardiac puncture. The 
blood was allowed to clot at room temperature for one hour, then 
refrigerated at 4^ for 24 hours. The serum was separated from the 
clot by centrifugation (lOOO x g for 30 minutes), decanted into vials, 
and frozen (-20°) until needed.
The Ouchterlony method of gel diffusion (48) was used to detect
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antibodies formed as a result of the enzyme injections. Molten agar^ 
was allowed to solidify in a petri dish. Patterns were cut in the 
agar with the aid of a plexiglass template and a circular punch. 
Enzyme solution was placed in the center well and antiserum in the 
outer wells. The plates were developed in a humid chamber for ko 
hours at room temperature. The precipitin lines appeared usually 
after 2k hours.
The precipitin test consisted of mixing one part each of 
antiserum, enzyme solution, and 0.05 M phosphate buffer, pH 7*1 in 
a test tube and heating for 30 minutes at 37^# The tubes were then 
placed in an ice bath and after 6 hours the mixture was centrifuged 
at 25,000 X g for 20 minutes. Both the re suspended pellet and the 
supernatant fluid were assayed for enzyme activity by the spectro- 
photometric assay. Antiserum was omitted from the control.
Prepared by adding 4.37 g sodium chloride, 2.5 g lonagar (No. 2, 
Consolidated Laboratories, Inc.), and 50 mg merthiolate (Powder No. 20, 
Eli Lilly Co.) to 500 ml of distilled water. The mixture was heated 
at 120° for 15 minutes, distributed 12 ml/tube, and refrigerated (4°) •
CHAPTER III 
RESULTS
Assays
The tvo assays used for the present investigation of thymidylate 
synthetase were chosen 'because of their simplicity and convenience. 
The spectrophotometric assay was used routinely at all stages of 
purification and for all experiments unless otherwise noted. 
Relatively large “blank corrections were observed in the early stages 
of purification^ especially when assaying the post Sephadex G-lOO 
Araction. The isotope method has greater sensitivity than the 
spectrophotometric determination but is less convenient and more 
time consuming. Hence^ it was used only when the above assay could 
not be used, i.e. in the detection of enzyme activity following gel 
electrophoresis and in the dihydrofolate product inhibition studies 
because of the inability to calibrate the spectrophotometer in the 
presence of high concentrations of PHg.
The use of specifically labeled dUMP-5-^H gave thymidylate 
synthetase activities by the Isotope assay which were about 20^ of 
the activity obtained by the spectrophotometric method. The factors 
responsible for this variation are not clearly understood, but may 
be due to an isotope effect to be discussed later.
Purification Procedure
The present procedure for purification of thymidylate synthetase
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fï*0]n hog thymus is summarized in Table 1. Following chromatography 
on CM-Sephadex, the enzyme has a specific activity about 5.4 units/mg 
protein, and it is recovered in an approximate yield of 20^. At 
this stage of purification, the enzyme can be stored frozen (-20®) at 
pH 7.1 for 11 days with about 20^ loss of activity; no further loss 
of activity resulted after storage for an additional two months.
Other investigators working with the synthetase from different 
sources added 3 -mercaptoetheuaol to all buffers used in the purification 
procedure in order to stabilize the enzyme (32,49). This was not done 
in the present study since 3 -mercaptoethanol (0.05 M) did not 
significantly alter recovery of enzyme activity. In fact, the 
inclusion of mercaptoethanol at a final concentration of 0.025 M,
0.05 M, or 0.1 M in the CM-Sephadex fraction resulted in complete 
loss of enzyme activity when frozen at -20® for 24 hours.
Removal of extraneous proteins and nucleic acids from the 
bomogenate fraction by precipitation at pH was attempted, but no 
enzyme activity could be detected in either the precipitate or 
soluble fraction.
The ability of antibodies to Interact specifically with their 
corresponding antigens suggested that the synthetase might be purified 
by the interaction of antiserum and the enzyme preparation. Antiserum 
was prepared as described under Methods by injection of a post DEAE- 
Sephadex fraction into rabbits. The production of precipitating 
antibodies in the rabbit serum was shown by the Ouchterlony method 
(48) and a positive precipitin test. In the precipitin test, all the 
synthetase activity was recovered in the supernatant fluid following
2k
T A B U S  1 .
HJRIFICATION OF TBÏMIDXLATE SÏBTHEIASE FROM 
150 g OF HOG THYMUS GLANDS
fraction
Volume
(ml)
Synthetase
Activity
(units)
Protein
(mg)
Specific
Activity
Recovery
($)
Homogenate 474 160 68W 0.023 100
Protamine
Sulfate 485 117 3425 0.034 73
35-60$ Ammonium 
Sulfate 19 108 I4l8 0.076 68
Sephadex G-lOO 78 67 605 0.11 42
DEAE-Sephadex 184 55 77 0.71 34
CM-Sephadex 92 34 6.3 5.4 21
25
removal of precipitate *by centrifugation. These results suggested 
either no antibody to the synthetase vas made or a nonprecipitating 
antibody was produced that did not inhibit enzyme activity. The 
latter explanation is favored based on the following experiment;
The globulins were precipitated from two ml of rabbit antiserum by 
addition of a saturated solution of ammonium sulfate (50), collected 
by centrifugation and redissolved in 0.05 M phosphate buffer, pH 7-l> 
to give two ml. To this solution was added one ml of a post DEAE- 
Sephadex preparation (l.î -? units/ml; specific activity O.56) and 
the mixture was incubated for 30 minutes at in order for antigen- 
antibody reaction to occur. A saturated solution of ammonium 
sulfate was then added to reprecipitate the globulin fraction 
containing antigen-antibody complexes which were collected by 
centrifugation. About 60$ and 35^ of the enzyme respectively was 
recovered in the redissolved globulin fraction and supernatant 
fluid. In a control experiment, in which antiserum was omitted, 
little or no synthetase activity was detected in the ammonium sulfate 
precipitate. Therefore, it is believed that the decreased 
solubility of the enzyme in the test experiment was due to formation 
of an enzyme-ant ibody complex. However, due to the difficulty of 
obtaining the purified antibody and/or the antlbody-enzyme complex, 
this method of purification was not pursued further.
Purity of Enzyme Preparation
Following chromatography on CM-Sephadex, the enzyme preparation 
shows several protein bands after electrophoresis on a 6$ acrylamide
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gel at pH 7*9 as shown in Figure 6. Most of the thymidylate 
synthetase activity was detected in section D of the gel corresponding 
to the position of the fastest moving major protein hand. Some 
enzyme activity was also detected in sections B and C and may represent 
a) smearing of the protein, b) partial dénaturation of the protein, 
c) protein-protein interactions and d) the presence of multiple forms 
of the enzyme. No synthetase activity was found in sections A and E. 
Heterogeneity of the enzyme was demonstrated also by the lack of 
symmetry between the protein and enzyme profiles obtained after 
chromatography on CM-Sephadex (see Figure 5) •
Molecular Weight
Thymidylate synthetase from bog thymus glands has a molecular 
weight of approximately 69^000 as determined by filtration through 
Sephadex G-IDO (Figure 7)• Similar values ranging from 67>000 - 
70,000 have been published for L. casei (32,42) and Erlich ascites 
tumor cells (49), while the chick embryo enzyme has a molecular 
weight of $8,000 (31) •
Energy of Activation
The energy of activation obtained from an Arrhenius plot 
(Figure 8) is 10 Kcal/mole. This value is similar to the 12 Kcal/mole 
obtained for the chick embryo enzyme (31).
pH Optimum
The hog thymus enzyme does not have a narrow pH optimum, but 
rather, as presented in Figure 9> it shows nearly a constant level
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Figure 6. Disc electrophoresis of a CM-Sephadex fraction of 
thymidylate synthetase on polyacrylamide gel. Protein (6o specific 
activity 3*6) vas applied to the gel and electrophoresed for 2^ hours 
at 4 ma/tube. The five sections of the gel, which were assayed in 
triplicate for enzyme activity hy the isotope assay (see Methods), are 
indicated hy the letters A-E. Section D corresponds to thymidylate 
synthetase.
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2.0 Cytochrome C
1.8
Chymofryptinogen A
1.6
>• 1.4 Ovalbumin
Bovine Serum Albumin1.2
Thymidylate Synthetase
1.010 20 40 60 80
MOLECULAR WEIGHT x 10 3
Figure 7« Molecular weight estimation of thymidylate synthetase on 
Sephadex G-100. The void volume (Vq) was determined hy y -globulin 
(molecular weight 160,000) • The elution volume (Vg) for a given 
protein was taken from the midpoint of Its elution peeik. One ml of 
thymidylate synthetase was applied to the column (2.7 unlts/ml, 
specific activity O.36). The molecular weight of thymidylate syn­
thetase as Indicated by the open circle Is about 69,000.
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0.8
0.6 32
(T)” X
30
Figure 6. Arrhenius plot of thymidylate formation. The assay mixture 
contained 0.12 synthetase units/assay at 170 and 25° and 0.06 enzyme 
unit s/as say at 30®, 37®, ^5 ,̂ 49®, and 53®, and it vas preincuhated 
for IO-I5 minutes at the above temperatures prior to the addition 
of dUMP.
30
.020
c
^  .010 
<1
.005
7.06.0 8.05.0
PH
The buffers
( A ).
Figure 9* The pH optimum for thymidylate synthetase* w -ü c ,
used were Citrate-Phosphate ( □ )j Phosphate ( 0 ); and Tris-HCl 
Enzyme, with a specific activity of 2*0, was used for each assay* 
The reported pH was determined in each cuvet at the end of the 
reaction period.
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of activity between pH 6 and 8. Activities were slightly higher 
in citrate-phosphate than in either phosphate or tris-HCl buffers.
Effect of and P-mercaptoethanol
Addition of magnesium (as MgCIg, 0.9 to 4$ mM) to the purified 
enzyme in the standard assay did not enhance synthetase activity.
In this respect, the preparation resembles the thymidylate synthetase 
of other animal tissue (26,31#49) and differs from leucocyte (36) 
and bacterial (24,32,35#42) enzyme preparations.
Mercaptoethanol (0.05 M) was required for optimum activity in 
both assay procedures. When it was omitted from the reaction mixture, 
no activity was detectable and at concentrations greater than 0.0$ M, 
it was inhibitory. This effect of mercaptoethanol was found to be 
due to activation of the protein rather than stabilizing MeFHĵ  based 
on the following experiment: A stock solution of MeFH|̂  was prepared
in which mercaptoethanol was omitted and placed in the cold room.
After 4o minutes, an aliquot of this solution was added to a reaction 
mixture containing 0.02$ M mercaptoethanol and the level of 
synthetase activity compared to a control with MeFH^ prepared in the 
usual manner. The same amount of catalytic activity was obtained 
with both MeFH^ solutions, indicating that after a 4o minute period 
without mercaptoethanol present, the concentration of MeFH|̂  had not 
decreased significantly.
Initial Velocity Studies
The reaction mechanism of thymidylate synthetase has been studied 
using the kinetic analysis devised by Cleland ($l). This approach
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involves measurement of the Initial velocity of the reaction at 
varying concentrations of one substrate and different fixed levels 
of the other substrate. A plot of reciprocal velocity vs. reciprocal 
concentration of varied substrate gives a series of linear lines 
intersecting to the left of the vertical Gocis with a sequential 
mechanism, i.e. both substrates add to the enzyme before product is 
released. The pattern of double reciprocal plots becomes a series 
of parallel lines in a ping pong mechanism in vhich one product is 
released from the enzyme prior to addition of the second substrate.
As shown in Figures 10 and 11, when this test is applied to the 
synthetase, the resulting intersecting pattern indicates a 
sequential mechanism. The Mlchaells constants shown in Table 2 
were obtained by replotting the slopes and intercepts of the reciprocal 
plots vs. the reciprocal concentrations of the nonvaried substrates.
It should be noted that the tetrahydrofolate used in this study was 
a mixture of diastereolsomers; thus, the kinetic constants were 
calculated using the 1-isomer of tetrahydrofolate, assuming that the 
mixture of diastereolsomers is $0$ J-tetrahydrofolate.
No méthylation of UMP by the hog thymus enzyme could be detected 
under conditions of the spectrophotometric assay. Variations in the 
standard assay included elevated enzyme levels, high UMP concentrations 
(lO and 20 mM), and citrate phosphate buffer at pH $.6 and 6.0. 
Although UMP could not be methylated, it was a competitive inhibitor 
with respect to dUMP as shown in Figure 12, indicating that UMP is 
binding to the same site on the enzyme as is dUMP. Replotting the 
slopes of the reciprocal plot versus UMP concentration resulted in a
33
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Figure 10. Effect of on the initial velocity of thymidylate
synthetase with dUMP as variable substrate. Velocity is expressed 
A A/3 min.
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table 2.
KINETIC CONSTANTS
Variable
Substrate
Fixed
Substrate Inhibitor
Variable
Substrate
(yiM) Ki
A. Initial Velocity
dUMP MeFHĵ 9.1
MePĤ ^ dUMP 9.1
dUMP MeFH^ UMP 2 X 10“® M
B. Aroduct Inhibition
dUMP MeF% dTMP 3.0 X lo“^ M
dUMP 4 X id“*̂ M
dUMP 6.1 X lO"^ M
-4MeE^ dUMP dTMP 7.7 X 10 M
36
UMP (mM)
60.16
.12
I
V .08
.04
0.1 0.2
CdUMP]" (^M)"
0.3
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hyperbola; Indicating non-linear inhibition.
Product Inhibition Studies
Product inhibition studies by both dihydrofolate and thymidylate 
vere carried out with respect to each substrate to delineate the 
various possible sequential mechanisms described by Cleland ($l).
All studies were done at least twice to ensure reproducibility. With 
the product; thymidylic acid; noncompetitive inhibition was obtained 
with respect to MeFHĵ  (Figure 13) and competitive inhibition was 
observed with dUMP (Figure l4). In FH^ inhibition; with MeFi^ as the 
variable substrate; competitive inhibition was observed (Figure 1$); 
and with dUMP as the variable substrate; an uncompetitive pattern 
was obtained (Figure l6). Replots of the slopes and/or the inter­
cepts of the above product inhibition curves yielded linear inhibition 
in all cases except for the uncompetitive inhibition by FE^ vs. dUMP; 
which yielded hyperbolic inhibition. The significance of this hyper­
bolic inhibition is not clear and will be discussed later. The 
individual values are summarized in Table 2.
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0.91.20
dTMP (mM)
.16
0.4
.12
0.091.06
-0.06 O 0.06 0.12 0.18 0.24
Figure 13. IVoduct inhibition by dTMP of thymidylate synthetase with 
MeEHx the variable substrate• The enzyme (.11 imits/assay, specific 
activity 2.0) was preincubated for 8 minutes with the indicated con­
centrations of dTMP prior to the addition of dUMP. Velocity is 
expressed as A A/3 min.
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.16 0.04
±
V .12
.08
.04
0.10 0.2 0.3
C dU M P ]"
Figure Product inhibition by dTMP of thymidylate synthetase
with dUMP as the variable substrate. The enzyme (.II unit s/assay ; 
sp. act. 2.0) vas preincubated with the indicated concentrations of 
dTMP and 82 pM MeFHĵ , prior to the addition of the various concentra* 
tions of dUMP. Velocity is expressed as a A/3 min.
Ito
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V
.040
.032
.024
0.34
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[ Me FH^ ]"'
Figure 15* Product inhibition by FH2 of thymidylate synthetase with 
MeFHĵ  as the variable substrate. The isotope assay was used with a 
reaction time of 5 minutes (see Methods). The enzyme (0.12 units/assay, 
specific activity 2.0) was pre incubated with the Indicated concentra­
tions of dihydrofolate and MeFH, for 5 minutes prior to the addition 
of dUMP-5-3H. Velocity is expressed as corrected counts/minute.
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1.2
.012
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029
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Figure l6« Product inhibition by FH2 of thymidylate synthetase with 
dUMP as the variable substrate. The isotope assay was used with a 
reaction time of 5 minutes (see Methods). The enzyme (0«12 units/ 
assay, specific activity 2.0) was pre incubated with the indicated 
concentrations of dihydrofolate and 82 ^  MeFHĵ  for 5 minutes prior 
to the addition of the various concentrations of dUMP-5-^H. Velocity 
is expressed as corrected counts/minute.
CHAPTER IV 
DISCUSSION
Thymidylate synthetase has been purified about 230-fold from 
hog thymus glands with a specific activity of 5.4 units/mg protein. 
Although the best preparations are heterogeneous with regard to 
protein as demonstrated by polyacrylamide gel electrophoresis, they 
represent the purest form of the enzyme isolated from normal mammalian 
tissue. Jenny and Greenberg (26) reported a specific activity of 
0*90 for the calf thymus synthetase, and a value of 2.7 has been 
reported for the chick embryo enzyme (3l) • During the course of our 
investigation, Priedland et (49) reported the complete purification
of thymidylate synthetase from Erlich ascites tumor cells, and 
Crusberg et s^. (42) and Dunlap et (32) have obtained synthetase 
in crystalline form from different antifolate resistant strains of 
L. easel.
Synthetase activity in the thymus gleind homogenate can be
measured by both the isotope and spectrophotometric method. However,
the initial rate of the reaction assayed by tritium release is only
about 20^ of that observed spectrophotometrically. Lomax and
Greenberg (30) have reported an isotope effect from 26 to 64$ of that
obtained by the spectrophotometric assay depending on the source of
the enzyme. The factors responsible for this variation are not
clearly understood. Crusberg et al. (42) demonstrated that
thymidylate synthetase from L. casei utilizes dUMP preferentially
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over dUMP-^-^H in the early phase of the reaction, explaining in part
the variance "between the assays. The major advantage of the isotope
assay is its sensitivity which is limited only by the specific
activity of the dUMP-5-^H. Blank values are generally low and may
be a result of either slow exchange of tritium from dUMP-5"^H with H
qof HgO, or by degradation of the dUMP-5- H.
A molecular weight of approximately 69,000 for the hog thymus 
synthetase suggests that the enzyme may consist of subunits of smaller 
size. Confirmation of this possibility awaits further purification 
of the enzyme. The L. easel enzyme which has a molecular wei^t of 
about 70,000 was shown by sodium dodecyl sulfate ac^lamide gel 
electrophoresis to consist of two catalytically inactive subunits, 
each with a molecular weight of 35 >000 (32). If the hog thymus 
enzyme also can be shown to consist of protein subunits, it would be 
of interest to further characterize these subunits with respect to 
a) their ability to bind the substrates, b) the nature of the binding 
between the subunits, and c) the structural changes associated with 
formation of a catalytically active protein.
Preliminary experiments indicate that it is possible to prepare 
an antibody to thymidylate synthetase. With an emtibody to this 
enzyme, it should be possible to carry out em interesting series 
of experiments involving enzyme -antibody interaction. One could use 
the antibody to study the similarity of subunits' provided they could 
be isolated and to study the extent of cross reaction with the enzyme 
from other sources. Celada et (52) demonstrated that a defective 
P-D-galactosidase is activated by specific antibodies directed
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against the normal enzyme. They attributed this activation to the 
change in conformation of the defective enzyme in response to the 
binding of the antibody to the defective enzyme. The characterization 
of this activation could lead to information concerning the difference 
in conformation between the normal and mutant enzyme. A similar 
approach with thymidylate synthetase may shed further light on the 
catalytic process.
As reported by several groups (26,32, *̂-9# 53) > the requirement of 
thymidylate synthetase for mercaptoethanol suggests the peurticipation 
of a sulfhydryl group on the protein in the catalyzed reaction. 
Titration of the L. casei synthetase with p-chloromercuribenzoate (32) 
completely inhibits the enzyme when only one of the three to four 
readily available sulfhydryl groups is modified. In nonenzymatic model 
systems the catalytic effect of mercaptans on the exchange of hydrogen 
at position 5 of uracil derivatives has been investigated by Kalman 
($4) and Dunlap et al. (32) • The result of these studies and those 
of Senti and Sakai ($$) has led to the postulate that a sulfhydryl 
group of the enzyme attacks position 6 of deoxyuridylate to give rise 
to the exchange or loss of the hydrogen at position 3»
The addition of mercaptoethanol to the hog thymus synthetase 
resulted in complete loss of activity after being frozen at -20^ for 
24 hours. Dunlap et (32) noted that the L. casei enzyme is 
inhibited by the oxidized form of mercaptoethanol. If there were 
significant amounts of the oxidized mercaptoethanol in the enzyme 
solution from hog thymus, this might account for the loss of activity. 
Alternatively, mercaptoethanol might reduce disulfide linkages in
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the proteins to free sulfhydryl groups which, on reoxldatlon, forms 
new disulfide bonds causing a loss of activity either by effecting 
the conformation of the synthetase or by blocking Its catalytic site.
The hyperbolic competitive Inhibition by UMP on dUMP méthylation 
is not clear at this time. However, one plausible explanation Is that 
UMP Is shunted Into another pathway, e.g. It could be methylated but 
at such a rate as not to be detected by the spectrophotometric assay.
No méthylation of UMP could be demonstrated even at high concentrations 
of the substrate In contrast to results with the chick embryo enzyme 
(31) and the L. easel enzyme (32). The significance of this Inhibition 
Is not clear. As has been pointed out by Lorensen et (31) > It Is 
not likely for UMP to play a regulatory role In the méthylation of 
dUMF because of the very high levels of UMP needed for Inhibition.
Extensive kinetic studies were carried out with thymidylate 
synthetase of hog thymus In order to elucidate Its mechanism. As 
was mentioned earlier, the mechanism for this enzyme Is sequential 
according to Cleland's nomenclature ($l) and Is In agreement with 
work done with the chick embryo enzyme (31) • Since a number of 
sequential mechanisms are possible, the enzymatic reaction was further 
investigated by product Inhibition. A summary of the predicted and 
experimental Inhibition patterns, together with those reported from 
three other sources are listed In Table 3* As can be seen, some 
differences In the mechanism distinguish the enzymes from each other. 
Moreover, the pattern observed for the thymus enzyme does not agree 
with that predicted for the most common sequential blreactant 
mechanisms. The uncompetitive inhibition by with dUMP as the
k6 
TABLE 3.
PATTERNS OF PRODUCT INHIBITION FOR THÏMIEQCLATE SYNTHETASE
A. Predicted Patterns for Some Sequential Mechanisms*
Inhibition by dTMP Inhibition by FHg
dUMP MeFHî dUMP MeFHî
Mechanism varied varied varied varied
Ordered, dUMP first C NC NC NC
Ordered, NeFHĵ  first NC NC NC C
Random NC NC NC NC
Rapid equilibrium C C C C
Theorell-Chance c NC NC C
B. Experimental Patterns
Hog thymus dnzyme C NC UC c
Chick embryo enzyme (3I) C NC - NC
L* casei enzyme ik2) C UC -
8. faecalis enzyme (24) C NC -
The ahhrevlatlons used are: C, competitive 
NC, non-competitive 
UC, uncompetitive 
-, not reported
At fixed, nonsaturating concentrations of the second substrate.
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variable substrate (Figure l6) was unexpected and a replot of the 
slope vs. FI^ concentration yielded a hyperbola. The non-linear 
inhibition suggests an alternant reaction has been introduced which 
awaits further study. As can be seen in Figure l6, the higher the 
concentration of FHg, the greater the scattering of points which can 
be explained in part by the statistical error associated with fewer 
count8/minute in the isotope assay mixture. These data do not allow 
a simple mechanism to be proposed for the hog thymus enzyme. Isotope 
exchange studies in conjunction with binding studies must be employed 
to delineate the mechanism further.
The results of this investigation, as well as those from others,
has illustrated that thymidylate synthetase from different cells
differs with respect to its physical and chemical properties. The
enzymes have been shown to differ in their pH optimum, activation by 
+2Mg , molecular weight and reaction mechanism. Variation in these 
properties implies differences in protein structure and in the 
catalytic center of the same enzyme. This observation is important 
to the development of inhibitors which selectively inhibit thymidylate 
synthetase from diseased cells, while having little effect on the 
enzyme from normal tissues.
CHAPTER V 
SUMMARY
Thymidylate synthetase has heen purified about 230-fold from 
the thymus glands of hogs by the conventional methods of ammonium 
sulfate fractionation, protamine sulfate precipitation, Sephadex 
G-100 filtration, and chromatography on columns of DEAE-Sephadex and 
CM-Sephadex. The enzyme preparation vas shown to be heterogeneous 
with respect to protein as demonstrated by polyacrylamide gel electro­
phoresis* Mercaptoethanol was required for activity, but had no 
stabilizing effect on the synthetase. Magnesium did not enhance 
enzyme activity when added to the spectrophotometric assay. A broad 
pH optimum (6-8) was obtained and an energy of activation of 10 
kcal/mole has been determined. A non-preclpltatlng antibody was 
obtained to the synthetase from rabbit serum. The enzyme has a 
molecular weight of about 69^000 as determined by gel filtration 
through Sephadex G-100. The rate of the reaction as determined by 
loss of tritium from dUMP-^-^E was approximately 20% of the rate 
observed spectrophotometrically.
Initial velocity and product Inhibition studies were carried
out In order to characterize the reaction mechanism. Although the
enzyme reaction follows a sequential mechanism, a simple mechanism
was eliminated because uncompetitive Inhibition was obtained with
the product fHg with dUMP as the variable substrate. The and
values for the substrates and products are reported.
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